There are few studies which reported the characteristics of winter clouds and precipitation in the Haituo Mountains of Northern Beijing where the 2022 Winter Olympic Games will be held. This paper outlines comprehensive datasets, including the surface measurements, remote sensing and aircraft measurements, to study cloud and precipitation characteristics over the mountainous terrain. The analysis results show (1) high-level trough and vortex were the main weather system in all 12 cases. (2) 58% of precipitation occurred only at night, and only 8% of snowfall occurred only at daytime, but under the surface inverse trough snowfall (in 4 of the 12 cases) persisted from night to day peaking at 20 hours; Snowfall persisted at least 3 hours in 83% of the snowfall, 5-10 hours in 50% of cases, and more than 10 hours in 33% of the storms. In 67% of cases, the maximum snowfall occurred within the initial 1-2 hours. (3) In 12 cases, 83% of orographic clouds reached Yan Jiaping, after increased southwesterly winds, resulting in visibility below 100 m. (4) during snowfall, The dominant wind direction is southwest. The start of the snowfall corresponded with an increase in southwesterly wind. The snowfall is maintained according to with the strengthening of southwesterly wind and dissipated accordingly with the receding of southwesterly wind. Whenever the snowfall stopped, the northwest wind was strong at all heights. (5) The first peak value of integral liquid water appeared in the early stage of snow, and we also observed integral liquid water increases with orographic cloud uplift, presenting potentially favorable seeding opportunities in 10 cases. (6) The primary crystal habits collected at Yan Jiaping during steady snowfall were rimed and aggregated planar dendrites.
Introduction
The 2022 Winter Olympic Games will be held in the Haituo Mountains of northern Beijing. To ensure a successful Winter Olympics, natural snow cover is a required meteorological condition. Climatological statistics show North China's snowfall to be decreasing [1] . Weather modification in the Haituo Mountains region has been considered for winter snowpack augmentation. The success of weather modification in this region requires a clear knowledge of the natural clouds and precipitation which can enhance local snowfall.
The success of harnessing scientific weather modification technology to augment precipitation in mountainous regions is critically dependent on understanding precipitation processes. Since the 1940s, surface, remote sensing, and aircraft measurements have been used over the mountain ranges of the western United States to study cloud and precipitation characteristics [2] [3] [4] [5] . During the 1980s, China commenced airborne and ground observations to study winter precipitation processes over Tian Mountains in the Xinjiang Uygur Autonomous Region of the western China [6] [7] [8] [9] . These studies show significant differences between mountain regions, which highlight the need to study and understand the varied regional winter characteristics of cloud systems in mountain regions. Recent innovations have seen observational advances in airborne cloud radar and lidar and ground-based mobile radars using in situ measurements [10] . Such measurement technology can improve our understanding of the key features of natural precipitation in mountains. Previous observations of winter cloud and precipitation are rare in the Haituo Mountains [11] . Between 2016 and 2022 topographic precipitation and integrated cloud-seeding experiments (TOP-ICE) will be conducted by the Beijing Weather Modification Office (BWMO) in the Haituo Mountains of Northern Beijing to determine (1) the natural conditions of winter clouds and precipitation, (2) the evaluation of precipitation enhancement potential in this region, (3) the effects of integrated seeding (by aircraft and on-ground) on the clouds and precipitation in the Haituo Mountains. This study is primarily focused on the first objective and part of the second objective.
The BWMO's first observation program in the Haituo Mountains began during the winter of 2016/17. The purpose of these experiments is to describe the natural structure of the winter clouds systems and assess the potential for snowfall augmentation. The paper is based on data collected during the 12 cases of snowfall. Natural cloud and precipitation characteristics are studied using surface, remote sensing, and aircraft measurements. Ludlam [12] presented a conceptual model of seeding mountain clouds to enhance snowfall by tapping the supercooled liquid water (SLW). Research indicates that winter orographic clouds are suitable for seeding to increase snowfall [13] . In order to evaluate precipitation augmentation potential, aircraft and ground-based instruments such as radiometers [14] [15] [16] measure sustained supercooled liquid water (SLW) in orographic clouds. In this paper, radiometer and airborne measurements are used to examine the characteristics of the supercooled water fields. The following section compares two case studies that illustrate the physical structure and temporal evolution of snowfall systems during the early stage, stable period, and end of snowfall. One case analyzes the microphysics of snow clouds. The habits of solid precipitation particles on the ground are studied in the context of snowfall. The YJP has a FM-100 droplet spectrometer (from USA DMT Inc.), a precipitation disdrometer, a visibility sensor, a Bigg type mixing cloud chamber (5 L), and portable sixelement (temperature, humidity, pressure, wind speed, wind direction, and solar total radiation) automatic weather station. In the absence of automatic precipitation gauges, the Chinese standard precipitation gauge is used to measure precipitation, while the snow depth data is collected by the vernier caliper near the precipitation gauge. Experiments found the Chinese standard precipitation gauge to catch 73% of the relative ground true snowfall [17] . Joint size and fall velocity distributions of particles were measured with a Particle Size and Velocity (PARSIVEL) precipitation disdrometer [18] . Meanwhile, the habits rime and aggregation characteristics of YJP's snowfall are captured by photomicrography on 7.6 cm × 2.6 cm slides. Measurements of about 5 to 30 seconds are collected throughout the storm. FCDP, developed by SPEC Inc., measures particles by detecting the amount of light scattered into the optics aperture during particle interaction through a laser beam. FCDP includes FSSP-300 optics with pinhole limiting depth of field [19] . FCDP has 20 equally spaced bins and can size particles from 2-50 m with a resolution of 3 m. The LWC in this report was calculated by the FCDP result.
Data and Methods
The 3V-CPI probe, made by SPEC Inc., combines the cloud particle imager (CPI) and the 2D stereo probe (2D-S) into a single instrument. 2D-S is an airborne instrument that measures the size, shape and concentration of particles by two cross-sectional laser arrays [20] . 2D-S V channel operates in the 10-1280 m (10 m resolution). 2D-S H channel operates in the 50-6400 m (50 m resolution). The cloud particle imager (CPI) is triggered by the 2D-S to cast images of particles on a 1024 × 1024 pixels' charged coupled device (CCD). CPI captures images of particles from 10 m to 2 mm [21] .
Probes are calibrated annually before the measurement season and instruments are maintained before and after each flight.
The research aircraft, Kingair-350, obtained the aircraft data for case 1 during winter.
Remote Sensing and Other Measurements.
Date from the wind profile radar (Airda-3000, from Chinese Airda Company), a 35-channel microwave radiometer, and an 8 mm wave-length cloud radar were collected at YJP. The wind profile radar supplied information on wind speed and direction at standard altitudes. The detection frequency of the wind profile radar is 1290 MHz, and the detection accuracy of wind speed and direction is ≤1.5 m/s and ≤10
∘ . The radiometer monitored the temporal and spatial evolution of the cloud liquid water field. The cloud radar monitored cloud echo characteristics and echo top height, and it was introduced by Zhong et al. [22] . The complementary symmetrical pulse technology is used in 8 mm wave-length cloud radar for weak echo intensity cloud.
The wide pulse performs well in weak echo intensity detection, but it misses information of lower altitude cloud. The narrow pulse is used for supplement of lower level cloud, but it has limited detecting ability. The gap in Figure 6 shows the situation with weak echo intensity at lower height. Synoptic data and satellite data were sourced from the China Meteorological Administration (CMA) and the University of Wyoming (UW). BMS provided meteorological automatic station data analyses. The Magono and Lee [23] crystal classification is also used.
Case Information.
Twelve snowfall cases were collected during the winter of 2016/17 (Table 1) . Synoptic condition was analyzed according to the weather map at 0800 or 2000 (all times are local) during the snowfall, and snowfall characteristics were collected at YJP. Frequent unsafe flying conditions limited the aircraft measurements to 1 of the 12 cases, and the weather conditions were similar for case 1 and case 9 and case 11. The case 1 aircraft results were therefore used as a supplement to the cloud information in those cases.
The 12 snowfall cases occurred in three kinds of synoptic environments. Climatic statistics indicate the main snowfall synoptic systems to be low trough, low vortex, and return flow [24] . The next section illustrates the precipitation processes within three typical cases. The cases include two examples of a trough storm (21 February 2017 and 16 January 2016) and a low vortex snowfall (7 January 2017). In the following section, two case studies are compared that illustrate the physical structure and temporal evolution of snowfall systems during the early stage, stable period, and end. One case analyzes the microphysics of snow clouds. The habits of solid precipitation particles on the ground are studied in the context of snowfall. Table 1 shows the main synoptic systems at high altitude to be the low trough and the low vortex with the convergence zone, inverted trough, or easterly returning current on the ground. Moderate or heavy snowfall often occurs with a low trough or vortex and the inverted trough or easterly returning current occurring concurrently. The weak trough produces little snow in the mountainous areas with no snow cover in the ground. Figure 2 shows the 500 hPa analysis of height, temperature field, and sounding in Guan Xiangtai (54511) and the satellite image on 7 January 2017 (case 9) and 21 February 2017 (case 11). The satellite image captures the moment of maximum snowfall in case 9 and case 11. The cloud system in case 11 is deeper and more widely distributed than in case 9, and the cloud system in both cases moved from the southwest to the northeast over the Haituo Mountains. During the snowfall, the water vapor around Beijing is supported by southwesterly airflows in the low level. The average elevation of the Haituo Mountain is above 1500 m (about 850 hPa). The sounding of Guan Xiangtai (54511) shows the water saturation is distributed from 850 hPa to 450 hPa in case 11, while the air is saturated only from 850 hPa to 550 hPa in case 9. In case 11 the southwesterly wind was stronger than in case 9, corresponding to the water saturation region. As a result the maximum snowfall of case 11 is ten times greater than case 9 especially in front of the mountain (Figure 3 ). The distribution of precipitation rates at different altitudes under typically low vertex (case 9) and low trough conditions (case 11) in the Haituo Mountain indicates that the two typical synoptic conditions affect the precipitation rates. Table 1 lists the snowfall time, duration, maximum snowfall time, maximum snowfall intensity, and whether orographic clouds climb to YJP in various cases. 92% (12 cases) of the precipitation times were continuous (except case 6). The sunrise is about 0700 in winter Beijing. The sunset time is about 1700. Therefore, night refers to 1700-0700, and daytime is 0700-0700. Of the 12 cases, 58% of precipitation occurred only at night (1700-0700) and only 8% of snowfall occurred only at daytime (0700-1700). Furthermore, 34% of the snowfall lasts from night to daytime. Under the surface inverse trough, snowfall (4 of the 12 cases) lasted longer from night to daytime with the maximum being 20 hours. Snowfall sustains more than 3 hours in 83% of the cases. 50% of the precipitation cases last 5-10 hours and 33% of the storms snow more than 10 hours. The maximum snowfall presented at the earlier stage (within 1-2 hours after the snowfall began) in 67% of the cases. The maximum snowfall intensity was 3.5 mm/h with an average 0.8 mm/h. Manned observation at YJP showed 83% of orographic clouds in 12 cases, which resulted in visibility below 100 m and climbed to YJP along the southeast and southwest of the valley during precipitation and returned to the valley or disappeared after the snowfall stopped. Some cases (23 March 2017, 10 November 2016, and 21 February 2017) showed repeated movement of orographic clouds to the station, hovering in the valley at times.
Results and Discussion

Some General Characteristics of Snowfall.
The surface temperature is critical for cloud seeding with ground-based AgI generators in the Haituo Mountains. The elevation of Xi Dazhuangke is about 928 m. The ground generators for seeding occur at an elevation of 900-1000 m. Surface temperature is a major indicator whether ground-based seeding is effective. It lacks temperature sensor near generators. Statistics of ground temperature at Xi Dazhuangke during snowfall show the average ground temperature to be below 0 ∘ C and the average surface temperature in November, December, January, February, and March to be −2.4 ∘ C, −4.9 ∘ C, −7.1 ∘ C, −6.8 ∘ C, and −1.3 ∘ C, respectively. The 2022 Winter Olympic Games will be held in February, so the temperatures may then be suitable for ground cloud seeding. The 2022 winter Paralympic games will be held in March, and surface temperature will not be in better conditions.
Characteristics of Snowfall Evolution
Early Stage of Snowfall.
Before snowfall, the clouds are generally layered at high levels over the Haituo Mountains. The reflectivity of clouds is about −5 dBZ (±5 dBZ) in case 9 (0300-0500). In case 11 (0700-0900), the reflectivity of clouds vary from 0 to 5 dBZ and the maximum echo intensity is near 8 km with corresponding temperature of −45 ∘ C. At ground level the orographic cloud climbs the mountains but does not move to YJP. With the southwesterly wind at low level and orographic climbing to YJP (Figure 4) , snowfall starts at YJP.
Microwave radiometer observation shows that, during the snow formation stage, the integral liquid water (ILW) gradually increases and reaches the first peak value of about 0.15 mm in case 9 and case 11, with the distribution of liquid water content (LWC) from 1344 m up to about 4.5 km (Figure 5 ), which indicates more SLW at the start of the Advances in Meteorology snowfall. Clouds therefore can be affected by aircraft-based snow enhancement, so the formation stage of any snowfall may be a favorable opportunity for aircraft-based cloud seeding.
The primary solid precipitation particles collected at YJP were planar dendrites, plates, bullets, and irregular particles without rimed and aggregates (Figures 7(d) , 7(e), 7(f), and 7(g)). Graupel particles (Figure 7(h) ) are however common in early winter (case 5) and, by the end of winter (case 12), the manned observation showed orographic cloud persisting for long periods at YJP during snowfall. Rime appears and ice accretion is evident on the ground observation instruments (not shown).
Steady Snowfall.
During the stable period of snowfall, the wide-area cloud system was evident at the Haituo Mountains, becoming continuous and deep. Figure 6 shows that the cloud depth of the low trough (case 11, 0600-1300) is thicker than that of the low vortex (case 9, 1000-1900). The cloud top height in case 11 is near 7 km (mean echo intensity) with the corresponding temperature of below −40 ∘ C, while it is less than 4.5 km with corresponding temperature of only about −25 ∘ C in case 9. Snowfall in the former increases to 10 times that of the latter. Cloud reflectivity in case 9 exhibited little variability with low-level reflectivity near 10 dBZ, but in case 11 cloud reflectivity reached 25 dBZ. This again indicates that the two typical synoptic conditions affect cloud structure which then affects the amount of snow on the ground.
Wind observation from the meteorological automatic station at Xi Dazhuangke and Chang Chonggou, which are in front of the Haituo Mountains, shows the southeasterly wind is dominant during snowfall (Figure 8, case 1 as an example) . The wind profiler radar (Figure 4) shows the distribution of the maximum height of the southwesterly wind under the low vortex (case 9) to increase gradually from 2.3 km to 4.4 km, at which time the orographic clouds climbed to the YJP (2 hours' duration). From the surface up to about 6.0 km however, the airflow over the Haituo Mountains under the low trough (case 11) is continuously controlled by the southwesterly wind, and the orographic clouds repeatedly move to the station. Moreover, the intensity and height of the southwesterly wind were higher than in case 9, and the corresponding snowfall was also significantly higher. This shows that the southwesterly wind plays an important role in the formation of snowfall and orographic clouds.
Snowfall and precipitation rate appear to be a function of southwest wind speeds. As the storm persists the ILW and LWC are gradually reduced ( Figure 5 ). It should be noted that LWC at high altitude in the stable period of snowfall are little, but when the orographic clouds climbed to the YJP, the microwave radiometer observations showed that the ILW again appeared subpeak (0.12 mm/hr), and the LWC profile in Figure 5 shows the distribution of LWC to be mainly below 2.3 km. Therefore, the orographic clouds have the potential of ground-based (general height at 0.9-1.0 km) snow augmentation. The occurrence of topographic clouds may be a favorable time to carry out cloud seeding by groundbased method.
Based on visibility meter data (not shown), visibility was generally below 100 m (partially below 50 m) when the orographic clouds climbed to the YJP. The orographic cloud top was over 1344 m, and the competition area of 2022 Winter Olympic Games in the Haituo Mountain is between 1.3 km and 2.2 km. Orographic clouds limit the visibility on the racing track, and low visibility can be a serious safety concern to athletes and referees, and low visibility due to fog or snow may delay or postpone events associated with Winter Games [25] . Therefore, the orographic clouds during snowfall will impact the Winter Olympic Games and should be monitored. Figure 7 shows examples of the solid precipitation particles collected at the YJP. Precipitation particles are generally rimed and aggregated dendrites, but rimed plate, plate, graupels and irregular particles also occur.
The End of Snowfall.
As the southwesterly wind weakened, the snow of both the case 9 (1400-1600) and case 11 (2000-2100) reach the stage of dissipation, and the precipitation rate drops dramatically (Figure 4 ). The SLW is constantly consumed and weakened ( Figure 5 ). Plates, columns, capped columns, irregular particles without being rimed and aggregates are common in the YJP (Figures 7(e) , 7(f), and 7(i)), and it is likely that the crystals did not encounter the liquid water which indicates the lower SLW in cloud and no potential for cloud seeding during the end of the snowfall [26] .
As the entire layer is controlled by the northwesterly wind, the snowfall stopped. The northwesterly wind is strong and blows the snow. In 100% of the 12 cases, strong wind occurs after snowfall. In 1988, high winds affected operations during the Calgary Winter Olympic Games [25] . The wind may also have huge impact on the 2022 Winter Olympics.
Microphysics of Snow Clouds.
On 16 January 2016, a tilting trough system passed through the Haituo Mountain region. The high-altitude weather system in case 1 is similar to that of case 11, but the ground system differs. In case 1 and case 9, the ground synoptic situation is weak inverted trough, but low pressure controls the surface situation in case 11. The infrared satellite (not shown) indicates a cloud band extended from the northwest to southeast, covering the Haituo Mountains. Between 1800 and 0100, an upper-level cold front zone moved through the Haituo Mountains, and wind shear occurred at 850 hPa during this time. Snowfall began at about 1900 and ended to 2400, and the maximum snow time was at 2000 (Figures 8(b) and 8(c) ). crystal size is large. The crystal shapes are plate, stellar crystal, column, irregular crystal, and graupel. Frozen droplets are also found in the clouds, so are the rimed and clinging crystal. The crystal shapes in the lower clouds are the same as the ground observation.
Liquid Water Content and Ice Concentration.
The liquid water content in clouds is calculated by FCDP probe in the aircraft. Ice concentration is measured by 2DS-H channel (with 50 m resolution). Figure 9 shows the liquid water content and ice concentration at different heights, as well as the surface elevation below the aircraft. The cloud top height is about 5800 m.
The liquid water content in the lower and middle layer of clouds is smaller than in the upper layer. The liquid water content in the clouds below 5100 m is less than 0.05 g/m 3 . At 5700 m, the liquid water content increases significantly and reaches as much as 0.2 g/m 3 with several peaks of 0.1-0.2 g/m 3 . This shows that, in the stable stage of the snow cloud, the liquid water content is consumed. So, for case 1, aircraft seeding still has the potential near the top of the cloud. More ice crystals exist near the top of the cloud than in the lower layer. The ice crystal concentration below 4000 m is 30∼ 150 #/L. It is less than 50 #/L at 4000 m∼5100 m. In the upper layer, however, the ice concentration could reach 450 #/L. The region of the cloud near cloud top is found to be a primary source of ice particles in the clouds.
Conclusions
This paper describes the nature and properties of winter clouds and precipitation over the Haituo Mountains deduced from ground and airborne observations over the winter of 2016-2017. The principal characteristics are summarized below.
(1) The main synoptic systems are the trough and the low vortex at high altitude with convergence zone, inverted trough, or easterly returning current on the ground. The moderate or heavy snow often occurs when the low trough or vortex and the inverted trough or easterly returning current occur concurrently.
(2) Snowfall occurs only at night in 58% of the cases, and it snows only at daytime in 8% of cases. With an inverse trough surface synoptic (4 of the 12 case), it snows from night to daytime with the maximum duration of 20 hours. In 83% of cases, it snows for more than 3 hours. In 50% of cases, the precipitation lasts 5 to 10 hours. And more than 10 hours' snowfall duration time occurs in 33% of the storms. The maximum snowfall presented at the earlier stage (within 1 to 2 hours after the snowfall began) in 67% of the cases.
(3) 83% of orographic clouds in 12 cases result in visibility below 100 m and often climbs to YJP along the southeast and southwest of the valley during precipitation (except little snow) and return to the valley after the snowfall stopped. Some cases showed the orographic clouds repeated movement to the station, hovering in the valley at times.
(4) The duration and intensity of snow appear to be a strong function of southwesterly winds.
(5) SLW is greater at the start of the snowfall, and the clouds have the potential for aircraft-based snow enhancement, so the formation stage of snow may be a favorable opportunity for aircraft-based cloud seeding. When the orographic clouds reach the YJP, they have more SLW and have the potential of ground-based snow augmentation. The occurrence of orographic clouds may be a favorable time to carry out ground-based cloud seeding.
(6) During steady snowfall periods, the primary crystal habits collected at YJP are rimed and aggregated planar dendrites, similar to those observed by the aircraft in the lower cloud levels. The primary solid precipitation particles collected at YJP during both the early stage and at the end of the snowfall are planar dendrites, plate, and irregular particles without being rimed and aggregates.
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